We consider possibility of embedding large sheets of polymer piezoelectrics in clothing for sensing and energy harvesting for wearable electronic applications. Power is generated by the crumpling of clothes due to human body movements. 
Wearable electronic devices are of interest for personal computing applications such as health diagnostics, identification, communication etc. Energy storage is a challenge for these applications and technologies such as flexible batteries, super capacitors and energy scavengers have been investigated in response to this. Considering that body movements generate > 100 W of power 1 , several methods of mechanical energy harvesting have been studied, some more suited for low frequencies than others. Piezoelectric (PZ) based energy harvesters offer promise for flexible wearable electronics with embeds in shoes 3,4 , fibers 5, 6 and bio implants 7, 8 having been investigated.
In this letter we consider using polymer PZ foils embedded in clothes for sensing and energy harvesting when clothes crumple during activity. Crumpling can be imagined to be the application of an enclosing boundary of forces to a region on a thin sheet. In response, the sheet will have to achieve mechanical equilibrium without loss of surface area. This results in the formation of the various features seen on a crumple (Fig. 1a) . woven cloth offers low mechanical resistance to bending and to forces localized to the length scale of gaps in the weave. Although the mechanics of the sheet depends on the properties of the foil, weave, fabric and the foil-cloth bonding, it is largely determined by the stiffer PZ foil. However, the neutral plane is not the mid plane of the PZ foil, and is offset by a factor dependent on the ratio of the elastic modulus-thickness product of the fabric and foil. Therefore, voltage can be developed across the PZ foil in pure bending. We consider the sheet to have an effective elastic modulus, E, and effective thickness h with the Poisson ratio set a constant.
A d-cone is experimentally created by forcing a thin circular sheet of radius R into a cylindrical tube of radius r 0 < R and upto a depth l by applying a point force, F , at the center of the sheet as shown in Fig. 1b 11 -13 . We consider creating a d-cone with the composite sheet. For gentle bending (l < h/2) the mechanics can be described by the Kirchoff theory.
The sheet would experience a per unit length shear of F/2πr in the region r ≤ r 0 and zero shear elsewhere with both the radial stress and z being zero at r = r 0 . The force required to displace the center of the sheet by l is F ∼ Eh 3 l/r 2 0 where the symbol ∼ implies a scaling relation. For the region r ≤ r 0 , the circumfrential and radial stress ∼ F (a 1 + ln(r 0 /r)) and ∼ F ln(r 0 /r), respectively with a 1 being a constant dependent on the Poisson ratio. For r > r 0 , the circumfrential stress ∼ F (1 + (r 0 /r)
2 ) and the radial stress
resulting in a summation that is independent of r. As r approaches r 0 , the circumferential stress prevails and the radial stress disappears. However, both are comparable near the center indicating a need for curvature in two directions. Upon continually increasing l, the region around r = 0 experiences immense stress to beyond the elastic limit thereby permitting the sheet to buckle and fold about this central point. In such a case, two facts determine the geometry of the sheet far from the center. The first is that the energy required to purely bend ∼ Eh 3 l 2 /r 2 0 while the energy required to stretch ∼ Ehl 4 /r 2 0 . As h/l gets smaller, it is energetically more economical to bend rather than stretch. Therefore, the sheet would localize stretching to the region around the center while experiencing pure bending elsewhere while subject to the constraints of not losing surface area and lying within the hollow cylinder 11 -13 , 17 , 19 . The second observation is due to Gauss' Theorema Egregium that states that if a surface with zero Gaussian curvature experiences pure bending and no stretching, the final geometry must also retain a zero Gaussian curvature. This implies that the regions of the initially flat sheet that experienced pure bending will have a curvature in one direction only. Both these observations imply that the geometry of a contiuously displaced sheet will be that of a developed-cone (d-cone) with a buckled region as shown in Fig. 1b . Traversing along along θ, the d-cone will touch the rim of the cylinder and fits the envelope of a right angled cone of slant length, s = (r 2 0 + l 2 ) 1/2 until the points where it buckles. In the buckled region, the surface of the d-cone loses contact with the rim and is concave. Fig. 1c shows the plots of (r, θ) at different z using models developed by Cerda and ∼ (l/r 0 )(1/r c ), respectively. For l < r 0 we consider stretching to be the dominant contributor to stress in the tip.
To determine the charge in the d-cone due to crumpling, the tangential stress, σ tc , and shear stress, τ zc , in the finite elements need to be defined. The radial and circumferential stresses due to bending and stretching contribute to σ tc . If the PZ coefficients are defined
with the 3-direction being normal to the surface of the foil and the 1-direction and 2-direction being tangential to the foil surface and perpendicular to each other, the charge per unit area developed on the PZ foil is d 31 σ tc + d 15 τ zc . Ignoring constants in the prefactor, σ tc and τ zc in the finite elements of the PZ foil scale as, 
Here b is moderately crumpled into a d-cone (l/r 0 < 0.33). Defining s ∼ r 0 , i = 1 in Eq. 2 and noting that bending near the tip is less than streching , V c0 and I c0 scale as,
Here (k 1 , k 2 , k 3 ) are constant coefficients.
The experimental setup to evaluate these models for the d-cone is shown in Fig. 2 .
Experiments were performed using a 52 µm thick poly vinyldenefluoride (PVDF) The ridge stretches by the same order as the tip of the d-cone. Since the distance between the tips of two d-cones is 2r 0 , the charge developed over the area (2r 0 )(h 1/3 r 2/3 0 ) is ∼ Ed 31 hl. Although difficult, a ridge could be emulated by the use of two actuators (the distance between being 2r 0 ) creating two d-cones simultaneously. For random crumpling, the probability density function for r c and ridge length can be used to predict r 0 and mean harvestable power 25 , 26 .
